Soluble decorin affects the biology of several receptor tyrosine kinases by triggering receptor internalization and degradation. We found that decorin induced paternally expressed gene 3 (Peg3), an imprinted tumor suppressor gene, and that Peg3 relocated into autophagosomes labeled by Beclin 1 and microtubule-associated light chain 3. Decorin evoked Peg3-dependent autophagy in both microvascular and macrovascular endothelial cells leading to suppression of angiogenesis. Peg3 coimmunoprecipitated with Beclin 1 and LC3 and was required for maintaining basal levels of Beclin 1. Decorin, via Peg3, induced transcription of Beclin 1 and microtubule-associated protein 1 light chain 3 alpha genes, thereby leading to a protracted autophagic program. Mechanistically, decorin interacted with VEGF receptor 2 (VEGFR2) in a region overlapping with its natural ligand VEGFA, and VEGFR2 was required for decorinevoked Beclin 1 and microtubule-associated protein 1 light chain 3 alpha expression as well as for Peg3 induction in endothelial cells. Moreover, decorin induced VEGFR2-dependent mitochondrial fragmentation and loss of mitochondrial membrane potential. Thus, we have unveiled a mechanism for a secreted proteoglycan in inducing Peg3, a master regulator of macroautophagy in endothelial cells. T he molecular and cellular biology of the tumor stroma is now becoming a prominent theme of research in tumor promotion and progression (1) . Decorin is a secreted proteoglycan that belongs to a multifunctional family of proteoglycans collectively designated as small leucine-rich proteoglycans (SLRPs) (2) . Many SLRPs, including decorin and biglycan, regulate a variety of vital biological processes, especially via their innate ability to bind collagen type I and ultimately regulate fibrillogenesis and bioavailability of various growth factors (3) . However, many recent studies have broadened our view of decorin from a specialized collagen-bound factor and regulator of matrix assembly to that of a soluble multifunctional signaling proteoglycan (4, 5) . For example, circulating decorin has been detected in the plasma of normal volunteers and found to be elevated in diabetic (6) and septic patients (7) . In contrast, decreased plasma levels of decorin have been detected in acute ischemic stroke (8) and in patients with esophageal squamous cell carcinomas (9) . Plasma levels of decorin can range between 8 and 80 ng/mL, a reasonable level capable of evoking signaling in target organs. Furthermore, decorin can be synthesized de novo by macrophages during septic and aseptic inflammatory responses (7) .
Soluble decorin (10) now is emerging as a pan-receptor tyrosine kinase inhibitor and has a broad binding repertoire with various growth factors and a multitude of cell-surface receptors (11) (12) (13) (14) (15) . Based on these unique features, we have proposed that decorin could be considered a "guardian from the matrix" in analogy to p53, which is referred to as the "guardian of the genome" (16) . Our main hypothesis is that decorin functions as an endogenous soluble inhibitor of cancer growth and angiogenesis (17) (18) (19) (20) (21) . Collectively, these properties are critical for decorin to act as a potent tumoricidal agent, as demonstrated conclusively by systemically administered decorin labeled with IR-Dye 800 avidly, specifically, and stably targeting orthotopic tumor xenografts (22) . Moreover, decorin is capable of significantly inhibiting neovascularization of triplenegative basal cell breast carcinomas (23) .
During preclinical studies focusing on identifying decorininduced genes in vivo, we found that systemic delivery of decorin protein core to mice carrying orthotopic mammary carcinoma xenografts induced expression of a small subset of genes (24) . Notably, these genes were induced exclusively in the tumor stroma of mouse origin but not in the mammary carcinomas of human origin (24) . One of the most up-regulated genes was Paternally expressed gene 3 (Peg3), an imprinted putative tumor-suppressor gene frequently silenced by promoter hypermethylation and/or loss of heterozygosity (25) (26) (27) (28) (29) (30) . Interestingly, Peg3 binds β-catenin and promotes 26S proteasomal degradation that is, surprisingly, independent of glycogen synthase kinase-3β GSK3β (31) . Because Peg3 activity phenocopies the pathway used by decorin for the noncanonical, GSK3β-independent antagonism and cessation of β-catenin signaling (22), we hypothesized that decorin-induced Peg3 could cooperate with decorin in inducing stromal-specific changes in the context of tumor angiogenesis. In this study we discovered that decorin-induced Peg3 promoted the expression of autophagic proteins such as Beclin 1 and light chain 3 (LC3) in endothelial cells and that Peg3 interacted directly with Beclin 1, LC3, and β-catenin. In addition to to these protein-protein interactions, we also discovered a critical role for Peg3 in regulating decorin-evoked expression of these canonical autophagic markers specifically within endothelial cells. This biological activity of decorin was mediated primarily by an interaction with VEGF receptor 2 (VEGFR2), and its tyrosine kinase activity was required for induction of autophagic genes in both macro-and microvascular endothelial cells. Our study provides evidence that a soluble constituent of the extracellular matrix can affect the intracellular digestive machinery and firmly establishes Peg3 as a master regulator of macroautophagy.
Significance
We identified a function for a member of the extracellular matrix in the regulation of autophagy. Decorin, a member of the small leucine-rich proteoglycan family and an established pan-receptor tyrosine kinase inhibitor, evokes endothelial cell autophagy and inhibits angiogenesis. This process is mediated by a high-affinity interaction with VEGFR2 which leads to increased levels of Peg3, a tumor-suppressor gene. We provide mechanistic evidence that Peg3 is required to maintain basal levels of Beclin 1, a major autophagic marker. These data provide a paradigmatic shift for other soluble matrix constituents to regulate autophagy.
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Results
Decorin Evokes Concurrent Induction of Peg3 and Autophagy in Endothelial Cells. Because the newly formed microcirculation is a key component of the tumor stroma, we tested whether decorin could directly induce expression of Peg3 in human umbilical vein endothelial cells (HUVEC) and in mouse microvascular dermal endothelial cells (MDEC). We discovered that decorin protein core (herein referred to as decorin) induced Peg3 expression in a time-dependent fashion in HUVEC (Fig. 1A) . Unlike human fibroblasts, HUVEC and porcine aortic endothelial cells that overexpress VEGFR-2 (PAE-VEGFR2) do not express endogenous decorin, as evaluated by quantitative real-time PCR (qPCR) (Fig. S1A) . Furthermore, VEGFA mRNA was increased approximately sixfold in PAE-VEGFR2 cells relative to human fibroblasts and HUVEC, as is consistent with VEGFR2 driving VEGFA expression (Fig. S1A) . Thus, the results presented here are not confounded by endogenous decorin production by endothelial cells. Quantification of four independent experiments showed that Peg3 levels were induced rapidly and remained elevated for up to 48 h (P < 0.01) (Fig. 1B) . In contrast, decorin caused a transient upregulation of β-catenin (Fig. 1A) , which peaked at 12 h and subsequently declined below basal levels for up to 48 h (P < 0.01, Fig.  1B ). Thus, decorin dynamically regulates Peg3 and β-catenin levels in endothelial cells.
We performed differential interference contrast (DIC) microscopy and discovered that 4-to 6-h exposure to decorin induced numerous cytoplasmic vacuoles reminiscent of autophagosomes (white arrows, Fig. 1C ). We next performed immunofluorescence microscopy using antibodies for Peg3 and Beclin 1, a major autophagic marker (32) . Decorin evoked redistribution of Peg3 from a diffusely punctuate cytoplasmic location to autophagosomes as shown by Peg3 colocalization with Beclin 1 in both MDEC (Fig.  1D) and HUVEC (Fig. 1E) . Surface plots also indicated induction of both Peg3 (Fig. S1B ) and Beclin 1 (Fig. S1C ) in MDEC. We found no difference in bioactivity when using decorin proteoglycan, because induction still occurred for Peg3 (Fig. S1D ) and Beclin 1 (Fig. S1E) .
To corroborate the evidence of vesicular autophagy, we immunostained both MDEC and HUVEC with an antibody specific for microtubule-associated LC3. LC3, a well-characterized biomarker of autophagy, normally is localized to the cytosol, but during autophagy it is lipidated and becomes membrane bound (32) . We found that, like Beclin1, Peg3 and LC3 colocalized to large vacuoles in HUVEC treated with decorin ( Fig. 1 G and H) , in contrast to vehicle-treated cells (Fig. 1F) , further supporting the concept that Peg3 might be directly related to autophagy.
For further proof of decorin-evoked autophagy, we performed ultrastructural analysis following 18-h treatment with decorin (200 nM). The number of vesicular structures was markedly increased in MDEC (arrows, Fig. 2B ) compared with vehicle-treated cells ( Fig. 2A) . Importantly, numerous double-membrane autophagosomes with partially digested cytoplasmic organelles were readily detectable in decorin-treated samples (arrows, Fig. 2 C-E). Quantification of three independent experiments showed an approximately fivefold increase in the number of autophagosomes per endothelial cell (P < 0.001) (Fig. 2F) . Comparable qualitative and quantitative results were obtained with HUVEC (Fig. S2 ).
Decorin Induces Autophagy in Endothelial Cells, and This Process Is
Blocked by 3-Methyladenine. We performed experiments to compare the activity of soluble decorin and that of rapamycin and 3-Methyladenine (3-MA). Rapamycin induces autophagy by inhibiting the mammalian target of rapamycin (mTOR) pathway, which antagonizes autophagy, whereas 3-MA inhibits autophagy by blocking the Class III PI3K human vacuolar protein sorting 34, necessary for autophagosome formation (32) . We found that HUVEC exposed for 18 h to decorin (200 nM) contained a large number of Beclin 1/LC3-positive autophagosomes (white arrows, (Fig. 3I ). 3-MA efficiently inhibited decorinevoked formation of autophagosomes (Fig. 3L) . Quantification of three experiments showed that decorin evoked a 4.8-fold increase in the average number of autophagosomes/cell (P < 0.001) (Fig.  3M ), and this increase was blocked efficiently by 3-MA (P < 0.001) (Fig. 3M ). These results indicate that decorin induces autophagy via the canonical PI3K/mTOR-dependent pathway.
Decorin Dynamically Regulates Beclin 1 and LC3 and Evokes Their
Recruitment to Peg3. We investigated the temporal induction of Beclin 1 and LC3 by exogenous decorin in HUVEC. We found a rapid and sustained approximately threefold induction of Beclin 1, which peaked at 24 h and remained elevated up to 48 h ( Fig. 3 N and O). LC3-I/II levels were elevated to a lesser degree, by ∼50% and 80%, respectively, at 12 h, and then both declined below basal levels by 24 and 48 h ( Fig. 3 N and O) . Notably, Beclin 1 levels were not affected by decorin in a variety of cancer cell lines including T47D, SKBR3, BT-20, and MDA-MB-231 breast carcinoma cells or in HeLa cells (Fig. S3A) .
Next, we performed coimmunoprecipitation using anti-Peg3 and immunoblotting with antibodies directed to Peg3, Beclin 1, β-catenin, and LC3. We discovered that Beclin 1, β-catenin, and LC3 are recruited to decorin-induced Peg3 (Fig. 3P ). Note that under basal conditions there already was an interaction between Peg3 and Beclin 1 but not between Peg3 and β-catenin or LC3. However, upon decorin treatment, there was a marked increase of these three proteins in the coimmunoprecipitates (Fig. 3P) .
Collectively, these results indicate that decorin induces Peg3 and macroautophagy in normal endothelial cells but not in cancer cells, and this induction occurs via a dynamic modulation of the two key autophagic players, Beclin 1 and LC3, in addition to the established interaction with β-catenin.
Decorin Evokes Intracytoplasmic Colocalization of Peg3, Beclin 1, LC3, and β-Catenin. To corroborate further the coimmunoprecipitation studies described above, we used confocal microscopy with line scanning. The latter technique enumerates the number of pixels along a single axis in a specimen to resolve the localization of differentially labeled fluorophores (33, 34) . The degree of overlap between interacting molecules provides a qualitative assessment of a proximity-dependent localization (35) . Under basal conditions, Peg3 was not appreciably colocalized with Beclin 1, LC3, or β-catenin (Fig. 4 A, C, and EfigE, respectively). In contrast, after a 6-h treatment with decorin there was extensive colocalization as shown by the overlapping of line-scanning profiles (Fig. 4 B, D, and F, respectively). Similar results were obtained with MDEC ( Fig. S3 B-E). These findings corroborate the coimmunoprecipitation studies presented above.
Decorin Binds Directly and with High Affinity to the Ectodomain of VEGFR2. The finding that decorin induced autophagy selectively in endothelial cells but not in tumor cells led us to hypothesize that decorin could interact with an endothelial-specific receptor, i.e., VEGFR2, as previously demonstrated for extravillous trophoblasts (36) . To this end, we performed solid-phase binding assays in which the seven Ig-like repeats of the human VEGFR2 ectodomain were used as immobilized substrate. We discovered that decorin bound with high affinity (K d ∼2 nM) (Fig. 5A ) to VEGFR2 ectodomain Ig [1] [2] [3] [4] [5] [6] [7] . Moreover, immobilized decorin bound with similar affinity to soluble VEGFR2 Ig [1] [2] [3] [4] [5] [6] [7] (Fig. 5B) , and its binding to VEGFR2 could be displaced efficiently by VEGFA (IC 50 ∼50 nM) (Fig. 5C ). Pull-down experiments revealed that recombinant VEGFR2 Ig 1-7 could be precipitated completely by decorin protein core-coated Ultralink beads (Fig. 5D) . Collectively, our results demonstrate that decorin binds to the ectodomain of VEGFR2 in a region partially overlapping the natural ligand, VEGFA.
Decorin Requires VEGFR2 for Its Downstream Signaling and
Transcriptional Regulation of VEGFA, Beclin 1, and LC3. To investigate decorin modulation of the VEGFA/VEGFR2 axis, we performed immunoblotting experiments in which HUVEC were treated with VEGFA (10 ng/mL) for 10 or 20 min with or without decorin (200 nM). In the latter case, HUVEC were preincubated with decorin for 10 min before the addition of VEGFA. The results showed that VEGFA induced robust phosphorylation of VEGFR2 at Tyr 1175 , a key residue involved in activation of the receptor (37) , and that decorin prevented VEGFR2 phosphorylation at this residue (Fig. 5E ). We note that decorin did not cause any activation of VEGFR2 by itself. Thus, decorin could act as antagonist of VEGFR2 by binding to the ectodomain and preventing binding of its natural ligand VEGFA, thereby interfering with endothelial cell biology during tumor angiogenesis.
To corroborate the role of decorin in modulating the VEGFA/ VEGFR2 axis, we used PAE-VEGFR2 cells stably expressing the luciferase gene under the control of the human VEGFA promoter (38, 39) . We found that decorin induced a significant inhibition of VEGFA promoter luciferase activity within 6 h of treatment (P < 0.001) (Fig. 5F ). Importantly, decorin evoked inhibitory activity similar to that of the VEGFR2 tyrosine kinase inhibitor SU5416 (40) , and the combination of decorin and SU5416 did not evoke any further inhibition (P < 0.001) (Fig. 5G) . Next, we profiled the effects of decorin on the transcriptional regulation of Beclin 1 (BECN1) and microtubule-associated protein 1 light chain 3 alpha (MAPLC3A) in HUVEC. We found a marked induction of both BECN1 (P < 0.001) (Fig. 5H ) and MAPLC3A (P < 0.001) (Fig. 5I ) mRNA levels following exposure to either decorin or HBSS, which mimics nutrient deprivation. We note that decorin was used in nutrient-rich conditions, i.e., full serum. Decorin evoked a transcriptional response that was as strong as that seen with canonical nutrient depletion, e.g. with HBSS, and the effect was particularly apparent for BECN1. Because decorin rapidly evoked Peg3-dependent autophagy, we evaluated whether decorin induced mRNA stabilization for PEG3, BECN1, or MAPLC3A. We found that after 2-h exposure decorin evoked stability of BECN1 and MAPLC3A in HUVEC, and similar results were obtained at 4 h as well (Fig. 5J) . Interestingly, decorin did not stabilize PEG3 mRNA (Fig. 5J) .
Having established a decorin-evoked induction of autophagic gene transcription, we assessed the mRNA levels of BECN1 and MAPLC3A following 6-h incubation with decorin, either alone or in combination with SU5416. We found a significant induction of both genes by decorin (P < 0.001) (Fig. 6 A and B) and that this induction could be blocked efficiently by SU5416 (P < 0.01) (Fig.  6 A and B) . Similar results were obtained in MDEC for Becn1 (Fig. 6C) and Maplc3a (Fig. 6D) . In contrast to decorin, VEGFA was able to repress basal levels of BECN1 mRNA significantly as well as abrogating decorin-evoked induction of BECN1 mRNA (Fig. 6E) . Importantly, coincubation with SU5416 completely abrogated decorin-evoked induction of Peg3 protein in HUVEC (Fig. S4A) .
Next, we used siRNA specific for VEGFR2 and scrambled (Scr) siRNA. Decorin alone did not affect VEGFR2 mRNA levels. However, the siRNA for VEGFR2 was capable of reducing mRNA levels by ∼60% (Fig. 6F) . Importantly, decorinevoked transcriptional induction of BECN1 and MAPLC3A could be blocked efficiently by the siRNA against VEGFR2 (P < 0.001 and P < 0.5, respectively) ( Fig. 6 G and H) .
To corroborate the transcriptional induction of BECN1, we stably transfected PAE-VEGFR2 cells with a luciferase reporter construct driven by a 645-bp fragment of the human BECN1 promoter (41). We found that exposure of the PAE-VEGFR2
BECN1-Luc cells to decorin (200 nM) caused a significant and rapid induction of luciferase activity which peaked at 1 h and remained elevated for up to 4 h (Fig. 6I) . Luciferase activity was increased 10-to12-fold upon nutrient deprivation (in HBSS), indicating, in agreement with previous studies (41) , that these reporter cells responded correctly to autophagic stimuli. Coincubation with SU5416 completely blocked the ability of decorin to induce BECN1 promoter activity (Fig. 6I) . We note that a recent study has identified a Peg3-specific DNAbinding motif (42) , and indeed we found a single minimal consensus sequence for Peg3 (TGGCT) at −604 bp relative to the transcription start site. Collectively, these results support the notion that decorin signals through VEGFR2 in endothelial cells and corroborate the binding studies discussed above. Moreover, the binding of decorin to VEGFR2 is required for the transcriptional regulation of BECN1 and MAPLC3A.
Peg3 Is Required for Decorin-Evoked Expression of the Autophagic
Genes Beclin 1 and LC3. Next, we investigated whether decorin required Peg3 to induce the transcription of Beclin 1 and LC3. To this end, we used either scrambled (Scr) siRNA or a mixture of validated siRNAs targeting Peg3. The latter significantly depleted Peg3 mRNA levels by ∼75% and ∼50% in MDEC and HUVEC, respectively (Fig. 7 A and D) . Although the scrambled siRNA had no effect on the decorin-evoked induction of BECN1 and MAPLC3A mRNA levels, siRNA-mediated depletion of Peg3 prevented the induction of both genes by decorin in MDEC (Fig. 7 B and C) and HUVEC ( Fig. 7 E and F) , respectively. We note that, especially in HUVEC, knockdown of Peg3 resulted in a significant reduction in basal levels of BECN1 mRNA (P < 0.001) (Fig. 7E) . Thus, decorin is capable of inducing the transcription of two key genes involved in autophagy, and this induction requires the upstream expression of Peg3.
We performed additional experiments to test the effects of siRNA-mediated Peg3 knockdown at the protein level. Again, decorin induced expression of Peg3 and Beclin 1 proteins in both MDEC (Fig. 7G) and HUVEC (Fig. 7H) , and this induction could be blocked efficiently by the specific siRNA targeting Peg3. Moreover, the effects of rapamycin on Peg3 and Beclin 1 protein levels were similarly inhibited by the specific siRNA targeting Peg3 in MDEC (Fig. 7G) and HUVEC (Fig. 7H) . Importantly, like decorin, rapamycin also induced Peg3 (Fig. S4B) . Quantitative analysis of three independent experiments showed a significant block of Beclin 1 protein levels by siRNA-mediated depletion of Peg3 in both MDEC (P < 0.01) (Fig. S4C ) and HUVEC (P < 0.001) (Fig. S4D) . Collectively, these results indicate that Peg3 is a master regulator of autophagy downstream of the Class III PI3K/mTOR pathway and that Peg3 is required for decorin-and rapamycin-evoked induction of Beclin 1 at both the mRNA and protein level.
Decorin Induces GFP-LC3 and Inhibits Capillary Morphogenesis and
Endothelial Cell Migration. To investigate further the role of decorin in inducing endothelial cell autophagy, we generated stable transfectants of PAE-VEGFR2 cells expressing LC3 tagged at the N terminus with GFP, allowing LC3 C-terminal lipidation and intercalation into autophagosome membranes. We discovered that 24-h exposure to either decorin (200 nM) or rapamycin (20 nM) evoked marked induction of GFP-LC3 (Fig. 8 B and  D) as compared with cells exposed to either vehicle (Fig. 8A) or to equimolar concentrations of biglycan protein core (Fig. 8C) .
Induction of GFP-LC3 was observed as early as 2 h after exposure to recombinant decorin and peaked at 18-24 h. The effects of decorin were specific, in that the highly homologous biglycan was totally ineffective, even though it is ∼60% identical to decorin as the evolutionarily closest SLRP (2).
Next, we tested whether decorin would inhibit capillary morphogenesis on Matrigel using the same stably transfected PAE cells as above. The results showed a marked inhibition of capillary morphogenesis by decorin (Fig. 8 G-J) vis-á-vis vehicle-treated cells (Fig. 8 E and F) . Quantitative evaluation of capillary morphogenesis assays from several experiments revealed that the percentage of total area, the total tube number, the total tube length, and the total number of branching points were all significantly suppressed by exogenous decorin (P < 0.001) (Fig. 8K) .
We then performed VEGFA-evoked endothelial cell migration assays through fibrillar collagen I-coated filters. The results showed a marked suppression of HUVEC migration by decorin (Fig. 8M) , and this inhibition was highly significant (P < 0.001) (Fig. 8N) . Thus, decorin concurrently induces autophagy and inhibits angiogenesis in endothelial cells.
Decorin Alters Mitochondrial Membrane Potential and Evokes
Mitochondrial Fragmentation. Mitochondrial membrane potential, Δψm, is a key parameter of mitochondrial function (43) . Therefore we assessed the effects of decorin on Δψm using the mitochondrial dyes 5,5′,6,6′-tetrachloro-1,1′,3,3′ tetraethylbenzimidazol carboncyanine iodide (JC-1) and tetramethylrhodamine, ethyl ester (TMRE). JC-1 is a lipophilic, cationic dye that can enter mitochondria selectively and reversibly change color from green to red as the membrane potential increases. During high Δψm, as in healthy cells, JC-1 spontaneously forms complexes known as J-aggregates with intense red fluorescence (44) . In contrast, in unhealthy cells with low Δψm, JC-1 retains its monomeric form that emits only green fluorescence. In live-cell microscopy, decorin caused a significant decrease in Δψm (Fig. S5B) . A loss of Δψm also was seen at 24 h (Fig. S5C) ; however, there was partial recovery compared with the 6-h treatment. Notably, decorin was as effective as carbonylcyanide 4-triflouromethoxy phenylhydrazone (FCCP), a protonophore that rapidly (10 min) depolarizes the mitochondrial membranes (Fig. S5D) . Quantification of three independent experiments showed a significant decorin-induced inhibition of Δψm, which also was highly significant at 24 h (P < 0.001) (Fig. S5E) . These mitochondrial effects of decorin could be abolished completely by coincubation with SU5416 (Fig.  S6D) , further indicating that this bioactivity is mediated by the VEGFR2 signaling pathway.
Next, we tested the mitochondrial dye TMRE that emits red fluorescence in the presence of active mitochondria (Fig. S5F) . Once again, upon treatment with decorin for 6 h there was a loss in Δψm as indicated by the loss of red fluorescence in live-cell microscopy (Fig. S5G) . As with JC-1, there was a partial recovery at 24 h (Fig. S5H) , although Δψm still was significantly downregulated (P < 0.001) (Fig. S5J) . Quantification of the TMRE data showed a pattern similar to that obtained with JC-1 (Fig.  S5J) . Collectively, these data indicate that decorin has the ability to cause depolarization of the mitochondrial membrane potential and that this effect requires active VEGFR2.
Having established a decorin-induced change in Δψm, we investigated whether decorin also could cause mitochondrial fragmentation. Using MitoTracker Deep Red dye which remains stable with minimal diffusion after fixation, we found that the tubular structure of mitochondria was prominent in control cells (Fig S6E) , whereas decorin severely reduced mitochondrial size and disrupted mitochondrial architecture (Fig S6F) . These results indicate that decorin tilts the mitochondrial dynamic balance toward fission in addition to decreasing Δψm, a process mediated by decorin/VEGFR2 interaction.
Discussion
The evolutionarily conserved eukaryotic process of autophagy promotes nonspecific turnover of bulk cytosolic components, longlived proteins, and cellular organelles that have exceeded operational capacity or have become damaged (45) . Autophagy can exert a potent oncosuppressive function by acting to discard critical organelles that otherwise would be involved in the promotion of the tumorigenic phenotype (46) . This function is in perfect accordance with an emergent body of evidence that reinforces decorin as a soluble paracrine tumor repressor whose absence is permissive for tumorigenic growth. This activity is manifested through the concerted efforts to evoke intracellular degradation of several oncogenes downstream of receptor tyrosine kinase (RTK) signaling known to promote malignant conditions, including the myelocytomatosis viral oncogene homolog (Myc) and hypoxia-inducible factor alpha (5, 22, 23) as a molecular basis for angiostasis.
We hypothesized that decorin could down-regulate β-catenin by inducing expression of Peg3. Zebrafish embryos injected with Peg3 mRNA display marked defects in tail development (31) . Similarly, injection of decorin in zebrafish embryos causes shortening of the body axis with defects in convergent extension (47) that are strikingly similar to those seen with injection of Peg3 mRNA. The noncanonical wingless-type MMTV integration site family (Wnt) pathway regulates convergent extension, because Wnt5 and Wnt11 VEGFA-Luc cells stably transfected with the promoter of VEGFA driving a luciferase reporter gene (39) . The cells were exposed to increasing concentrations of decorin for 6 h. **P < 0.01; ***P < 0.001. (G) Modulation of VEGFA promoter transcriptional activity following 6-h incubation with VEGFA (10 ng/mL), decorin (200 nM), SU5416 (30 μM), or decorin plus SU5416. Data are shown as mean ± SEM of three independent experiments; n = 6 for each condition. **P < 0.01; ***P < 0.001. (H and I) Transcriptional induction of BECN1 and MAPLC3A mRNA after 6-h exposure to decorin (200 nM) under nutrient-rich or nutrient-poor (HBSS) conditions. Data shown are mean ± SEM of three independent experiments run in quadruplicate. ***P < 0.001. (J) HUVEC mRNA stability assays evaluating PEG3, BECN1, and MAPLC3A via qPCR with 1-h pretreatment with Actinomycin D (ActD) (20 μg/mL) followed by 2-h exposure to decorin. Ct values, after normalization to ACTB, were subsequently normalized to a non-Actinomycin D control. Data shown are the mean fold change ± SEM of two independent experiments run in quadruplicate. ***P < 0.001. mutants show cyclopia and defects in convergent extension (48, 49) . Thus, decorin and Peg3 are two key modulators of the noncanonical Wnt pathway in vertebrate development and possibly act within the same pathway during both developmental and tumorigenic processes. Notably, Wnt3a induces decorin expression in cocultures of hematopoietic stem progenitor and stromal cells (50) . In this system, decorin causes changes similar to those caused by Wnt3a. Moreover, the number of hematopoietic stem cells is increased significantly in the bone marrow and spleen of decorin-null mice. Thus, decorin plays a key role in the mechanism of Wnt signaling and could shape niches supportive of hematopoiesis (50) .
The first line of evidence to tie decorin signaling to Peg3 came from the empirical demonstration of Peg3 induction exclusively within the tumor microenvironment following systemic administration of decorin (24) . Immunofluorescence studies revealed a dramatic association of Peg3 with subcellular structures resembling autophagosomes. The identity of these structures later was confirmed with prominent colocalization of the canonical autophagic markers Beclin 1 and LC3. Thus, we have linked a soluble constituent of the extracellular matrix to the intracellular digestive machinery in both macrovascular and microvascular endothelial cells.
The interaction discovered via confocal microscopy was corroborated by coimmunoprecipitation studies, which confirmed that Peg3 physically associates with Beclin 1 under basal conditions with further recruitment of LC3 and β-catenin in response to decorin. Collectively, these data implicate Peg3 as a putative component of the initial Beclin 1-containing autophagic scaffold, potentially integrating cellular bioenergetic inputs into autophagic outputs. Exogenous agents such as decorin engaging and signaling via VEGFR2 would further stimulate this association. We note that decorin-evoked autophagy in endothelial cells occurs under normoxia and nutrient-enriched conditions, suggesting a distinct pathway likely mediated by an antagonistic effect on the key angiogenic receptor VEGFR2. Furthermore, Peg3 also modulates LC3 in the later autophagic pathway but only after initiation of the process. In our current working model (Fig. S7) we postulate that decorin, by binding to VEGFR2, triggers a signaling cascade leading to induction of Class III PI3K and enhanced Peg3 stability and/or accumulation which in turn recruits Beclin 1, β-catenin, and LC3 to evoke autophagy. Decorin significantly stabilizes BECN1 and MAPLC3A mRNA, but not PEG3 mRNA, in HUVEC. Therefore enhanced Peg3 protein stability conceivably could orchestrate decorin-evoked autophagy via activation of BECN1 and MAPLC3A expression. This process can be inhibited efficiently by depleting VEGFR2 with siRNA or pharmacologically blocking the VEGFR2 tyrosine kinase activity with the small molecule SU5416. It currently is unknown whether decorin triggers internalization of VEGFR2 in an analogous fashion to EGFR and Met, followed by lysosomal fusion and degradation. Further, it also remains to be shown whether decorin also cointernalizes with the targeted RTK; presumably decorin also is degraded by the lysosome following down-regulation. Decorin-induced Peg3 can transcriptionally enhance Beclin 1 and LC3, both of which can be blocked by Peg3 suppression via siRNA (Fig. S7) . Thus, Peg3 can be considered a key protein in the initiation and maintenance of autophagy. Notably, Peg3 has been shown previously to be involved in regulation of cachexia (51), a severe muscle-wasting condition often associated with poor outcome in advanced cancer. D) . Values represent the mean ± SEM of three independent experiments run in quadruplicate. **P < 0.01; ***P < 0.001. (E) VEGFA (10 ng/ mL) suppresses basal BECN1 mRNA and is sufficient to block decorin-evoked transcriptional induction of BECN1. Values represent the mean ± SEM from three independent trials run in quadruplicate, normalized to ACTB. **P < 0.01; ***P < 0.001. (F-H) Effects of siRNA directed toward VEGFR2 or scrambled (Scr) siRNA on the mRNA levels of VEGFR2 (F), BECN1 (G), and MAPLC3A (H) in HUVEC. Cells were exposed to Scr siRNA or siRNA against VEGFR2 for 36 h and then were exposed to decorin for an additional 6 h. Data are shown as mean ± SEM of three independent experiments. n = 4 per condition, *P < 0.05; **P < 0.01; ***P < 0. The functional role of Peg3 was proven to be indispensable not only for decorin-evoked autophagy, as signified by induction of Beclin 1, but also for maintaining basal levels of Beclin 1. Indeed, siRNA-mediated silencing of Peg3 substantially reduces basal levels of Beclin 1 mRNA and protein, most prominently in HUVEC. However, this effect is not achieved in MDEC. This difference might result from inherent differences in these primary cells, in that HUVEC are more embryonic than MDEC and thus might be more attuned to the function of Peg3, recently characterized as a candidate stem cell marker (52) . Intriguingly, basal levels of MAPLC3A are relatively unperturbed by Peg3 silencing. However, in both MDEC and HUVEC, silencing of Peg3 severely compromises decorin-dependent induction of BECN1 and MAPLC3A expression. These effects are mirrored at the protein level, thereby indicating that Peg3 has a vital transcriptional function over these critical autophagic targets. Further, Peg3 is wholly responsible for decorin-mediated induction of Beclin 1 and thus decorin-evoked endothelial cell autophagy. Importantly, loss of Peg3 via siRNA also prevents rapamycin from inducing Beclin1 and LC3. This result provides insight into the upstream regulation of Peg3, because rapamycin potently inhibits mTOR.
We should point out that when the decorin proteoglycan was used, we obtained comparable results, indicating that the glycosaminoglycan chain is dispensable. Specificity was confirmed by the lack of an autophagic response in the presence of equimolar amounts of biglycan protein core, the closest molecular relative of decorin. Decorin, by signaling via RTK interactions, can ameliorate the overall antitumor properties of the tumor stroma by counteracting malignant development to stymie tumor progression (5, 13, 24) and angiogenesis (20, 23) . Typically, these interactions are exclusively antagonistic. However, in HUVEC and MDEC, incubation with SU5416 completely abrogates decorin-dependent induction of BECN1 and MAPLC3A expression. This effect is further confirmed with siRNA targeting VEGFR2 in HUVEC, which phenocopy the results obtained with SU5416. Pretreatment of HUVEC with VEGFA completely abrogates the ability of decorin to induce transcriptional activation of BECN1, whereas VEGFA alone is sufficient to evoke suppression of basal BECN1 mRNA. These data confirm not only that VEGFR2 is required but also that decorin must signal through this RTK to achieve transcriptional activation of the target loci, in a mechanism inherently different from that of VEGFA. Moreover, VEGFR2 lies upstream of Peg3, because these data are entirely epistatic to the depletion of Peg3 and the ensuing effects on decorin-evoked expression of BECN1 and MAPLC3A.
Decorin can signal through the EGFR and induce rapid thrombospondin-1 secretion from the tumor parenchyma and mammary carcinoma cells (53) . This signaling could represent an additional anti-angiogenic activity of this molecule that could modulate the biology of several types of cancer by directly affecting the tumor microenvironment (54, 55) . Moreover, we have shown previously that there is a genetic cooperation between decorin and p53, because double-null mice succumb to a highly aggressive thymic lymphoma within the first 6 mo of postnatal life, whereas p53-null mice live longer and present several types of neoplasia (56) . Notably, Peg3 has been shown to regulate p53-mediated apoptosis by interacting directly with the Seven in absentia homolog 1 (Siah1a) (57) and by inducing Bcl2-associated X (Bax) translocation from the cytosol to mitochondria (58) . Thus, it is plausible that decorin might affect this pathway in endothelial cells also, because we have shown previously that decorin induces apoptosis in carcinoma cells by activating caspase 3 (59) .
The functional consequences of Beclin 1 induction being dependent on VEGFR2 and Peg3 regulation could be important for blunting capillary morphogenesis, restricting endothelial cell migration, and compromising mitochondrial membrane integrity. This scenario is further supported by the loss of Δψm, typically an early harbinger of the intrinsic apoptotic response (43) . However, this function also may activate autophagy as a mechanism to eliminate damaged mitochondria in an attempt to save the cell from the damaging effects of reactive oxygen species and ensuing peroxidative stressors, leading to further mutagenic events that foster tumorigenesis. The induction of endothelial cell autophagy in the light of inhibited capillary morphogenesis might be func- tionally linked via Peg3, a master regulator of macroautophagy. The requirement of decorin-mediated autophagy within the stroma might form the fundamental basis for decorin-dependent angiostasis and therefore underlies the basic tumoricidal properties of the molecule.
In conclusion, our studies delineate a key role for soluble decorin in reprogramming the tumor stroma via direct induction of endothelial cell autophagy, a fundamental cellular process that in this context acts to combat tumor angiogenesis. The discovery that decorin-induced Peg3 is competent to activate the transcription of autophagic proteins such as Beclin 1 and LC3 indicates that messages embedded in the extracellular milieu can profoundly affect autophagy. These data further stress the need for treatment based on systemic delivery of decorin, a genuinely multifaceted matrix constituent, as a viable modality in the ongoing war against cancer.
Materials and Methods
A detailed description of materials, protocols for immunofluorescence, confocal microscopy, siRNA-mediated silencing, quantitative PCR, migration and pull down assays, and mitochondrial membrane potential analysis can be found in SI Materials and Methods. PAE cells and their transgenic counterparts were described previously (60) . Decorin was purified as described previously (61) .
